A new method (electromagnetic steel-teeming method) using electromagnetic induction heating in slide gate system was proposed to overcome the pollution of traditional nozzle sand on the molten steel and achieve 100 % automatic steel teeming. By Joule heat, this new process is to melt part or the whole of a new ladle well-packing materials (i.e. Fe-C alloy particles with similar composition as the molten steel), which is the substitute for traditional nozzle sand. A numerical simulation method based on the integration of both electromagnetic and thermal analysis modules of ANSYS was employed to investigate the outside surface temperature change of the Fe-C alloy. In addition, the effects of the coil structural parameters (the distance between the molten steel and the coil, the length and the diameter of the coil) and electric current parameters (ampere-turns, frequency) on teeming time were investigated. Under the condition of the optimal parameters found according to simulation, the smoothly steel-teeming using induction heating was achieved. The safety of the steel shell under the action of electromagnetic induction heating with the optimal parameters was also checked via the distribution of temperature field on the shell.
Introduction
In recent years, the quality of steel especially high grade clean steel 1, 2) has been paid more attention. The preparation and production of clean steel demand strict control of the non-metallic inclusions. Some research 1, [3] [4] [5] [6] has proved that the existence of impurities and inclusions increased the internal defects and decreased the corrosion resistant and fatigue resistance properties. Non-metallic inclusions are composed of endogenous inclusions and exogenous inclusions which mainly come from secondary oxidation, refractory (including nozzle sand) and slag.
2) The main methods of removing the inclusions are ladle refining, 7) tundish metallurgy 8, 9) and casting in the mold. 10) However, during the teeming process that is following the ladle refining process, the nozzle sand with small size could hardly float and remove from the molten steel in the tundish and mold. 11, 12) The harmful nozzle sand is deoxidized by aluminum into alumina, which not only contaminates the molten steel, but also blocks the immersion nozzle. 13) Furthermore, high free opening rates of ladles are required in steelmaking to improve steel quality. The use of an oxygen lance for the artificial opening results in product downgrading by steel oxidation. 14) Some literatures 15, 16) also reported that the use of nozzle sand, of which the main components were silica sand and chromites sand, caused the air and the soil pollution near the steel plant. Recently, as a new technology, Electromagnetic Processing of Materials [17] [18] [19] [20] [21] has been widely used in materials, metallurgy and other fields. In this study, a new method (electromagnetic steel-teeming method) using electromagnetic induction heating in slide gate was proposed to overcome the pollution of the traditional nozzle sand on the molten steel and achieved 100 % automatic steel teeming. [22] [23] [24] The basic idea of this new process is, by Joule heat, to melt part or the whole of a new ladle well-packing materials (i.e. Fe-C alloy particles with similar composition as the molten steel), which is the substitute for traditional nozzle sand, and then obtain free opening.
The analysis of the electromagnetic steel-teeming process is awfully complex not only because it is a combination of electromagnetic and thermal behavior, but also because there are a lot of complicated problems have to be considered, such as teeming time from the beginning heating to the teeming, the structure of the ladle, the temperature of the molten steel, the safety of the refractory and the ladle shell, etc. In this study, a numerical simulation method was employed to investigate the control of the electromagnetic steel-teeming procedure through structural parameters of the coil such as the distance between molten steel and coil, the length and the diameter of the coil, and electric current parameters such as ampere turns and frequency imposed to the terminals of the inductor. We use a two-dimensional (2-D) induction heating model that involves phase transition through integration of both electromagnetic and thermal analysis modules of ANSYS software to estimate the factors which affect the teeming time. The best parameters were finally found under the conditions of this research.
Model

Process Concept
In continuous casting, a ladle tap hole valve (i.e. slide gate system) is arranged at the bottom of the ladle for teeming molten steel into tundish. The slide gate system is composed of lower brick, upper nozzle, sliding plate, lower nozzle and ladle shell. When the molten steel is poured into the ladle, the nozzle sand, filled in the upper nozzle before, forms a sintered layer, which can prevent the molten steel penetrating into the upper nozzle. When the slide gate opened, the nozzle sand falls freely under the static pressure of molten steel and the molten steel flows down subsequently, this called free opening. If the sintered sand layer cannot break, non-free opening occurs, and an oxygen lance must be artificially use to melt the sintered layer for opening the ladle.
In this study, an induction coil is introduced into the region of the upper nozzle. The Fe-C alloy with similar composition as the molten steel was put into the upper nozzle instead of the traditional nozzle sand. During the induction heating process, the induced current is not uniform, but is concentrated near the outside surface of the Fe-C alloy. The generated Joule heat, as a heating source with high efficiency, has a high probability of melting the outside surface of the sintered Fe-C alloy and of draining the molten steel out of the nozzle after opening the slide gate. Figure 1 demonstrates the schematic illustration of this electromagnetic molten steel-teeming device, which is located at the bottom of the ladle and is composed of lower brick, electromagnetic induction heating coils, upper nozzle, Fe-C alloy, sliding plate and lower nozzle. The induction heating coil is set in the lower brick corresponding to the location of sintered Fe-C alloy.
In the upper nozzle, there is no significant temperature variation in the circumferential direction at the same crosssection of the cylinder. Assuming the heat transfer phenomena in the upper nozzle is symmetrical, the model discussed in this paper can be simplified to two-dimensional simulation. Therefore, two-dimensional physical model with the dimension of a real ladle is suitable to investigate the magnetic field and temperature field distribution. Figure 2 is the physical model of the simulation with the size of a ladle.
Basic assumptions: 1) Ignore the convectional heat transfer in the Fe-C alloy-molten steel interface during the induction process. And at the junction surface between Fe-C alloy and molten steel, temperature was equal to 1 873 K. 2) Ignore the flow of the melted Fe-C alloy in the upper nozzle. 3) Assume that the current density through the inner cross-section of the coil was uniform. Induction coil current should be the incentive to the electromagnetic fields. 4) In the steelmaking process, the ladle was preheated before receiving molten steel from converter. Consider the initial temperature of the ladle was 1 073 K. 5) Contact with air, heat transfer coefficient was 12.5 W/(m 2 · K), the initial air temperature was 303 K. Due to the symmetry of the model, parallel flux conditions were set as the boundary conditions of the symmetrical faces. The magnetic vector potential at the distance of 5 times upper nozzle height was set as zero.
Physical parameters setting for the model: the relative magnetic permeability of air, coil, refractory, molten steel is 1; the resistance is 1ϫ10 20 [25] [26] [27] In 1 073-1 273 K temperature range, the relative magnetic permeability of Fe-C alloy is 1; the density of the Fe-C alloy and steel shell is 7 000 kg/m 3 , the other physical properties (conductivity, specific heat, resistivity and enthalpy) are time-functions as in Refs. 28-30).
Physical Fundamentals
Electromagnetic steel-teeming process can be divided into two solution steps: magnetic and thermal analysis. Firstly, the time-harmonic magnetic analysis is determined. Secondly, the thermal analysis including temperature and phase evolution employs the previous results to get displacements at nodes and stresses at integration points. The most radical governing equations for electromagnetic fields were Maxwell equations. In the electromagnetic steel-teeming system at the bottom of ladle, the equations relating to the various field quantities were constituted as follows:
. The electromagnetic field induces an eddy current in the Fe-C alloy. The electromagnetic field damps exponentially, as it enters the Fe-C alloy surface because of the free electron scattering. As a result, most induced eddy currents exist in a thin-layer region beneath the Fe-C alloy surface. This thin layer is designated as the penetration depth. The penetration depth near surface can be described by (8) Where f is the alternating current frequency (Hz), r is the electrical resistivity (W · m), respectively. In addition, the associated electrical resistance of eddy current to circulate around the working object within the induction area is finally dissipated as heat, which causes Fe-C alloy temperature rise. The volume heat generated, Q(J), from dissipated power due to eddy current flow can be calculated as: 
Results and Discussion
Comparison between Calculated and Experimental Results
The validity of the numerical models is crucial to the present parameter numerical studies. The mathematical model based on the simulation experimental facility was established, in order to verify the accuracy of the calculated results.
24) The numerical model in this paper was employed to simulate the temperature of one point at the surface of the upper nozzle in the simulation experimental facility. On the other hand, a K type thermocouple was employed to measure the temperature of the same location. The calculated temperature profile is consistent well with the experimental results. It shows that the developed finite element program could give a precise description of the distribution of the electromagnetic field and temperature distribution in the upper nozzle for electromagnetic molten steel-teeming process.
Temperature Distribution of the Upper Nozzle
Different from that the traditional nozzle sand forms a sintered layer to prevent the molten steel flowing into the upper nozzle, some of the Fe-C alloy which substitutes the traditional nozzle sand will melt near the junction surface after the molten steel tapping into the ladle. With the decrease of the molten steel temperature during the refining process, some of the melted Fe-C alloy will solidify. Furthermore, the Fe-C alloy just below the solidified Fe-C alloy will be sintered in the upper nozzle, and at the lower part the solid-sintering will occur, and at the upper part, the liquid-sintering will occur. Therefore, in the upper nozzle, five layers, which are composed of melted layer, solidified layer, liquid-sintered layer, solid-sintered layer and original layer from top to bottom, will form due to the gradient temperature distribution. The liquid/solid (liquid layer/solidified layer) and sintered/original (solid-sintered layer/original layer) interfaces located in a stable position in the upper nozzle before electromagnetic steel-teeming. The Fe-C alloy can be sintered at 1 273 K in 45 min, and the lowest sintered temperature of Fe-C alloy particles is 973 K within 24 h. 31, 32) In the steelmaking process, the molten steel in the ladle from tapping of the convertor to the teeming process is almost 2 h. Therefore, in this paper, it is supposed that the Fe-C alloy was sintered under the temperature is ranged from 1 173 to 1 732 K (melting point). If the temperature is below 1 173 K, the Fe-C alloy is in original state, and could flow down freely after opening the slide gate.
In this study, a transient simulation analysis of the temperature in the upper nozzle for the induction heating process was performed and the results were shown in Fig.  3 . Figure 3(a) showed the temperature distribution of the upper nozzle at 0 s (the beginning time of induction heating), 30 s, 60 s, 90 s, 120 s, respectively. The longitudinal line was the interface between the original Fe-C alloy and the upper nozzle. At 0 s, a gradient temperature distribution was formed because of the temperature differences on the hot face, refractory and the ladle shell during the refining process. With the electromagnetic induction heating under the conditions of the distance of the molten steel and the coil 214 mm, length of the coil 132 mm, diameter of the coil 280 mm, ampere turns 36 kA · N, frequency 10 kHz, the temperature distribution changed dramatically. The liquid/ solid interface of the Fe-C alloy moved downwards from the initial stable position, and deformed from plane to curve with the time increasing. The peak temperature appeared in the outside surface of the Fe-C alloy near the upper nozzle. This meant that during this period the outside surface of the Fe-C alloy had a higher heating rate, and became the heat source of the Fe-C alloy. The eddy current was concen-
© 2010 ISIJ trated on the outside-surface of the Fe-C alloy. The depth of the thin contributed area was called the penetration depth, in which heat was mainly generated and transferred from the outside surface to the inside. When the temperature of all of the points at the outside surface of the Fe-C alloy reached the melting point (1 732 K), it was considered that the electromagnetic steel-teeming was successful. Then, the molten steel will flow downwards with the original Fe-C alloy and surface-melted sintered Fe-C alloy, and achieve the goal of steel automatic-casting as soon as opening the slide gate. The surface temperature profile was shown in Fig. 3(b) . It shows that with the electromagnetic induction heating, the temperature of the Fe-C alloy surface increased remarkably. The domain corresponding to the coil increased faster. The casting process required the time of electromagnetic steel-teeming as soon as possible, and the longest required time is 120 s. At 120 s, the temperature profile of the Fe-C alloy outside surface reach 1 732 K, for which the electromagnetic steel-teeming process was successful.
Influence of Structural Parameters on the Temperature of Sintered Fe-C Alloy Surface
The electromagnetic steel-teeming apparatus with a coil was set up in the bottom of the ladle. Because of the complexity of the ladle bottom, the location of the coil should keep away from the molten steel and the hot Fe-C alloy. This means that the distance between molten steel and the coil, the diameter of the coil should be increased in order to decrease the cooling intensity of the coil and to improve the safety of the ladle. In addition, the length of the coil should be decreased in order to make the coil easier to locate in the ladle bottom. Therefore, the effects of structural parameters on the sintered Fe-C alloy temperature in the upper nozzle are investigated as follows.
Influence of the Distance between Molten Steel and
the Coil The distance (H) between molten steel and the coil has a great influence on the surface temperature of the Fe-C alloy in the upper nozzle, which affects the teeming time. Under the conditions of this work (length of the coil L 132 mm; diameter of the coil D 280 mm; ampere-turns 36 kA · N; frequency 10 kHz), the effect of H on surface temperature of the Fe-C alloy was calculated and the results were shown in Fig. 4 . From Fig. 4(a) , it can be observed by comparing the temperature distribution in the Fe-C alloy and upper nozzle with H 194, 214 and 234 mm. It is indicated that with Hϭ194 mm, the lower domain of the sintered Fe-C alloy could not be melted, and if H was 234 mm, the upper domain of the sintered Fe-C alloy could not be yet melted. Just with Hϭ214 mm, both of the lower and upper domains could be melted within 120 s. From Fig. 4(b) , it can be found that the temperature of the Fe-C alloy surface decreased rapidly from the top to about 0.05 m, and increased steadily to the peak nearby the center of the coil, and then decreased again gradually. The absorbing heat is much larger in the position of the Fe-C alloy corresponding to the middle of the coil than that in the other positions. Therefore, the temperature increasing in the different position at the surface of Fe-C alloy is varied with the change of H. This means there is an optimal H value. Comparing with the surface temperature of the Fe-C alloy, it could be found that the optimal H is 214 mm, in which all of the nodes in the sintered Fe-C alloy surface reach the melting point.
Influence of the Length of the Coil
The length of the coil is expected to be as short as possible, because the shorter the coil is, the easier the coil is assembled. However, in order to melt all the outside surface of the sintered Fe-C alloy, the coil have to be long enough to heat two hard melted domains which were composed of both the upper domain near the melted Fe-C alloy and the lower domain near the sintered/original interface. Figure 5 shows the temperature distributions of Fe-C alloy and upper nozzle with different L (L is the length of the coil) under the conditions of this work (distance between molten steel and the coil H 214 mm; diameter of the coil D 280 mm; ampere-turns 36 kA · N; frequency 10 kHz). In Fig.  5(a) , similar to Fig. 4(a) , the peak temperature appeared near the outside surface, because the induction heat was mostly induced in the outside surface of the Fe-C alloy and then transferred to the inside. The upper domain of the sintered Fe-C alloy could not be melted within 120 s with Lϭ102 mm. With Lϭ102 mm, the intensity of induced heat enhanced near the center of the coil but weakened in the upper domain near the melted Fe-C alloy, therefore, within 120 s, the upper domain of the sintered Fe-C alloy could not absorb enough heat to be melted. In opposite, the lower domain of the sintered Fe-C alloy could not be melted near the sintered/original interface within 120 s with Lϭ162 mm. It is clear that the intensity of the induced heat in a unit area decreased with the increase of length of the coil. With Lϭ162 mm, the temperature of the lower domain near the sintered/original interface could not increase fast enough to reach the melting point within 120 s, resulting in that the surface of this domain could not be melted. Just with Lϭ132 mm, both of the hard melted domains could be melted within 120 s. In Fig. 5(b) , it can be found that the temperature of the sintered Fe-C alloy in the upper part increased but decreased in the lower part with L increase. Under the conditions of H 214 mm, D 280 mm, the ampere turns 36 kA · N, the frequency 10 kHz, only when the length of the coil L is equal to 132 mm, both of the two hard melted domains reach the melting points. In addition, the life of the upper nozzle was sensitive to the temperature of the Fe-C alloy because of the eroding of the upper nozzle with the hot melted Fe-C alloy. The corrosion of the upper nozzle is not only harmful to the upper nozzle, but also contaminative to the molten steel. The peak temperature of the sintered Fe-C alloy reached 1 850 K under L is 102 mm. Therefore, Lϭ132 is the best length of the diameter in this study.
Influence of the Diameter of the Coil
The diameter of the coil is considered to be one of the main factors influencing the heating efficiency. The diameter of the coil should be decreased in order to decrease the idle work. However, considering the cooling intensity of the coil and the safety of the ladle, the diameter should be increased if possible. 132 mm; ampere-turns 36 kA · N; frequency 10 kHz). From Fig. 6(a) , it is indicated that with Dϭ240 mm, and Dϭ280 mm, the surface of the sintered Fe-C alloy could be melted, but if D was increased into 320 mm, the surface of the sintered Fe-C alloy could not be melted. From Fig. 6(b) , it can be observed that the surface of the sintered Fe-C alloy could be melted with DՅ280 mm. However, with D decreasing, the peak temperature was increased. This is harmful to the upper nozzle. In this study, Dϭ280 mm is the best diameter of the coil.
Influence of Electric Current Parameters on the Electromagnetic Induction Heating
In this section, we varied the electric current parameters such as ampere-turns and frequency, to assess their influence during the heating process. In Sec. 3.3, we concluded that the optimal structural parameters of the coil are Hϭ214 mm, Lϭ132 mm and Dϭ280 mm. The amplitude of the induced current can be directly linked with the ampereturns and frequency of the coil. The outside surface temperature of Fe-C alloy was examined in order to find the effects of the electric current parameters on the heating efficiency. In order to quantitatively investigate the effects of ampere turns and frequency on the induction heating, the temperature at the outside surface of the sintered Fe-C alloy were compared in 120 s under the optimal structural parameters with different ampere turns and frequencies (Fig. 7) . In Fig. 7(a) , the temperature profiles at the outside surface of the sintered Fe-C alloy increased with the increase of the ampere turns under conditions Hϭ214 mm, Lϭ132 mm, Dϭ280 mm and frequency 10 kHz. The lowest ampere turns 36 kA · N was found to melt the surface of the sintered Fe-C alloy in 120 s. From Fig. 7(b) , it can be found that, similar with the effect of the ampere turns, the temperature profiles at the surface of the sintered Fe-C alloy increased with the increase of frequency when the ampere turns was 36 kA · N. The lowest frequency was found to be 10 kHz to melt the surface of the sintered Fe-C alloy in 120 s.
In order to investigate the temperature of the upper nozzle at the teeming time, the temperature profiles were compared with different ampere-turns and the frequencies when the steel-teeming of the ladle occurred in Figs. 8(a) This means that the upper nozzle becomes dangerous with higher ampere-turns and frequency. Therefore, the optimal electric current parameters were found to be 36 kA · N and 10 kHz.
In order to quantitatively compare these two electric current parameters influencing the teeming time, the teeming time with different ampere-turns and frequency were shown in Fig. 9 . The teeming time decreased with the increase of both ampere turns and frequency. The effect of ampereturns is more obvious on the teeming time, which means that if the teeming time is required to be shorter, it is better to increase the ampere-turns to achieve this goal. It is concluded that the ampere turns influent the increase of the temperature more remarkably than that of frequency.
Verification of Ladle Shell Safety
The ladle shell was made of steel, playing a role of carrying molten steel and bearing the static pressure of the © 2010 ISIJ molten steel. When the magnetic field was imposed, the temperature of the Fe-C alloy would increase, and the temperature of the ladle shell would be increased accordingly. Therefore, the safety of the ladle shell had to be considered. With Hϭ214 mm, Lϭ132 mm, Dϭ140 mm, ampere turns is 36 kA · N, frequency is 10 kHz, and t is 120 s, the temperature of the ladle shell was extracted from the calculated model, and the temperature distribution was shown in Fig.  10 . Although the temperature of the ladle shell was induction heated to 559-841 K, it was far from the melting temperature (1 732 K) and the softening temperature of the backplane (Ͼ973 K). Therefore, we could conclude that the ladle shell was safe under the electromagnetic induction heating condition.
Conclusions
(1) The temperature in the Fe-C alloy and the upper nozzle was simulated with and without induction heating in the electromagnetic steel-teeming device. Sintered Fe-C alloy was formed in the upper nozzle to prevent the molten steel flowing downwards to destroy the sliding plate before induction heating. The surface of the sintered Fe-C alloy could be melted by the induction heating. The molten steel will flow downwards with the original Fe-C alloy and surface-melted sintered Fe-C alloy, and achieve the goal of 100% steel automatic-casting as soon as opening the slide gate.
(2) The effects of structural parameters of the coil and electric current parameters of the power source were assessed through the temperature of the surface of the sintered Fe-C alloy. The suggested parameters of the electromagnetic steel-teeming process were obtained: the distance between the molten steel and the coil was 214 mm, the height of the coil was 132 mm, the diameter of the coil was 280 mm, and ampere turns was 36 kA · N and the frequency was 10 kHz.
(3) The safety of the steel shell under the action of electromagnetic induction heating with the suggested parameters was checked via the distribution of temperature field on the shell. The feasibility of the electromagnetic steel-teeming method was verified.
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